The equivalent circuit of signal-ground through-silicon-via (GS-TSV) in slow wave region is developed based on the microwave theory, and is verified by employing ANSYS HFSS. The ADS results of the equivalent circuit of GS-TSV consistent well with the HFSS simulation data. The results of slow-wave equivalent circuit are more accurate than those of widely used quasi-transverse electric and magnetic (TEM) equivalent circuit in slow wave region. Keywords: slow wave mode, through-silicon-via (TSV), equivalent circuit model Classification: Electron devices, circuits and modules (Silicon) This article has been accepted and published on J-STAGE in advance of copyediting. Content is final as presented. 
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Introduction
In order to meet the requirements of continuous miniaturization, high performance, and high speed , the focus of designers and process engineers are gradually changing from the traditional two-dimensional (2D) integrated approach to the three-dimensional (3D) one, rather than downsizing, increasing miniaturization by stacked heterogeneous technology/subsystems [3, 4, 5]. The three dimensional integrated circuit (3D IC), which is to stack multiple chips into one chip, has attracted a great deal of interest in the semiconductor industry [6] . Through silicon vias (TSV) [7] , which is through vertical interconnection between the active layers, is a key technology of 3D IC, thereby achieving a reduction in global interconnection length. Therefore, TSV-based 3D IC can provide higher timing performance, lower power consumption, and smaller chip footprint region [8] .
Currently, in [9, 10] , the dielectric quasi-transverse electric and magnetic (TEM) equivalent circuit of signal-ground through-silicon-via (GS-TSV) is proposed and the impact of the modes on signal integrity is quantified, and three coaxial TSV configurations are proposed to minimize this impact. In [11] , the parameters of TSV are extracted from the measurement results in time domain to explain the hysteretic behavior of the coupling capacitance of TSV. However, TSVs are studied under the assumption that only the dielectric quasi-TEM mode, which assumes that silicon substrate allows complete penetration of electric and magnetic fields at all frequencies. However, since TSV is a metal-insulator-semiconductor structure, it also allows the existence of two other modes, namely the slow-wave and skin-effect modes. Assuming a wrong mode in a given frequency range may lead to erroneous results and misleading design guidelines. In the traditional TSV dimensions, the skin-effect mode would not occur. Therefore, it is necessary to present the equivalent circuit of GS-TSV in slow wave mode.
In this paper, the equivalent circuit of slow wave mode is presented and verified.
Equivalent circuit model
The geometry of GS-TSV is shown in Fig. 1 . A GS-TSV is composed of two TSVs, each of which is composed of a center copper cylinder, and an outer silicon dioxide liner to separate copper from silicon substrate. According to the current technology, the structure and physical parameters used in this work is listed in Tables I.   Si   SiO2 Cu Cu According to the microwave theory, the electrical parameters of the circuit will change with the increasing operating frequency, and the analytical parameters of the electrical parameters will change. Therefore, according to Eqs. (1) and (2), the full band frequency is divided into three working regions.
Fig. 1. 3D view of GS-TSV
The relaxation frequency of Si can be expressed by 0 11 2
And the characteristic frequency for skin-effect in Si can be calculated by 2 0
where ρsi is the resistivity of silicon; εsi is the dielectric constant of silicon; ε0 is permittivity of vacuum; tsi is the thickness of silicon between the two TSVs; μ0 is the permeability of vacuum. The electrical characteristics of GS-TSV vary with the increasing operating frequency, so that the whole band of operating frequency of the circuit is divided into three regions, namely slow wave, quasi TEM and skin effect, respectively, as shown in Fig. 2 . When the operating frequency of circuit is smaller than the relaxation frequency of Si (frsi=15GHz), the mode is slow wave mode. The slow-wave mode is characterized by very slow phase velocity of signals propagating through TSVs. It is caused by the strong interfacial polarization (Maxwell-Wagner polarization) which leads to the formation of a thin space-charge layer at the SiO2-Si interface at lower frequencies. These charges act like a lossy ground plane. When the operating frequency of circuit is higher than the relaxation frequency of Si frsi, and smaller than the characteristic skin-effect frequency fssi, the mode is dielectric quasi-TEM mode. Under this condition, Si behaves like a "pure" dielectric, allowing complete penetration of electric and magnetic fields. When the operating frequency of circuit is higher than the characteristic skin-effect frequency fssi, the skin-effect mode occurs. Under this condition, the product of Si conductivity and frequency is very high to yield a small skin depth of penetration into Si. Therefore, the GS-TSV can be equivalent to the lumped parameter circuit model shown in Fig. 3 . According to the microwave theory, the electrical parameter model of GS-TSV
